ABSTRACT Egg nutrient quality is strongly influenced by hen diet but is also affected by rearing environment, hen strain, and hen age. The objective of the current study was to determine the effect of: 1) conventional battery cages, 2) enrichable cage systems, 3) enriched colony housing, 4) cage-free, and 5) free-range rearing systems on mineral concentrations of whole, dried egg (yolk and albumen combined) from TA Tetra White (TW) and Hy-Line Brown (HB) hens at 44, 68, and 88 wk of age. We hypothesized that mineral concentration of eggs would differ among rearing systems but not between strains or with hen age. Hens held in enriched colony housing systems produced eggs with 10% lower Mg and 11% lower Mn levels than conventional hens. Concentrations of Ca and Cu were higher (7 and 8%, respectively) in eggs from TW hens than from HB hens. Eggs from HB hens had 8% higher concentrations of Fe, 6% higher Mg and 5% higher Mn than TW hens. Mn was higher in eggs from 44-wk hens than from 68-or 88-wk hens (16 and 11%, respectively). Interaction effects between rearing environment and hen age were observed for K and Mn concentrations. Eggs from 68-wk hens in conventional rearing systems contained 14 to 21% more K than eggs from conventional hens at 44-and 88 wk and 14 to 18% more than eggs from 68-wk hens in other rearing systems. At 88 wk of age, hens in conventional rearing systems produced eggs with higher Mn concentration than hens in enrichable or enriched colony housing systems (22 and 23%, respectively). Interactions between rearing environment, hen strain, and hen age were observed for egg Zn levels among 44-and 68-wk hens but were not detectable among 88-wk hens regardless of rearing system or hen strain. Observed differences in egg mineral content in our study were small and are unlikely to have substantial impact on human nutrition.
INTRODUCTION
Eggs are a valuable source of many nutrients, including various minerals. Egg nutrient quality is largely dependent on the diet and health of hens (Dvořák et al., 2010) but is also influenced by rearing environment (Dvořák et al., 2010; Anderson, 2011; Anderson, 2013) hen strain, and hen age (Scheideler et al., 1998) . In the United States, the majority of laying hens are held in conventional battery system cages (Tactacan et al., 2009) . In recent years, however, consumers have begun to voice concerns about the health and welfare of hens (Anderson and Koelkebeck, 2007) and the nutrient content of eggs from hens held in conventional battery cages (Kouba, 2003) . As a result, alternative rearing systems are being explored in the United States and abroad (Anderson and Koelkebeck, 2007; Tactacan et al., 2009) .
Data comparing mineral concentration of eggs from layer hens in conventional versus alternate caging systems are lacking. However, hens housed in alternate cage systems (such as enriched colony and enrichable colony systems) experience less frustration and stress than hens housed in conventional systems (Hidalgo et al., 2008; Cho et al., 2012) . Data indicate that egg Zn concentration is decreased among layer hens in response to environmental stressors (Sahin et al., 2009) ; however, the impact of hen stress on the concentration of other minerals in eggs is not reported.
Cage-free and free-range rearing are alternatives to caging systems for layer hens. There is a popular belief that eggs from free-range and cage-free hens have a higher nutritional quality than eggs from hens held in cage systems (Bejaei et al., 2011) . Although n-3 fatty acid concentration may increase in response to foraging by free-range hens (Anderson, 2011) , free-range eggs 1605 do not consistently confer significant nutritional advantages over eggs from battery-caged hens (Hidalgo et al., 2008) . Data on mineral concentration of eggs from hens held under free-range conditions are limited and often provide conflicting conclusions. One observation indicates that free-range hens produce eggs with higher Zn concentration than commercially reared hens in conventional and organic housing systems, possibly due to consumption of soil and grasses by free-range hens (Giannenas et al., 2009) . In contrast, another study demonstrated that hens held under free-range conditions produce eggs with reduced concentrations of P and Zn despite seemingly adequate dietary intake (Küçükyılmaz et al., 2012) .
Egg size is of additional concern when considering the effect of hen rearing environment on egg mineral levels. Data on variation in egg size with rearing system are conflicting: Hens reared in conventional cages are sometimes reported to produce larger (higher mass) eggs than hens reared in alternate systems (Bangcong and Cagmat, 1990; Anderson and Adams, 1994) . In contrast, other investigators report that eggs from hens raised in conventional battery systems are smaller (lower mass) than eggs from alternate systems (Singh et al., 2009; Lewko and Gornowicz, 2011; Ahammed and Ohh, 2013) . No studies report variation in mineral content of eggs as resulting from difference in egg size. However, if differences in egg size occur as a result of hen rearing environment, it is expected that egg mineral content would be affected.
In addition to housing conditions, many consumers believe that hen breed and strain affects egg quality. Brown eggs are generally perceived as more nutritious than white eggs (Scott and Silversides, 2000; Johnston et al., 2011) . Despite consumer opinion, the majority of studies show no relationship between shell color and nutrient content of the egg (Zeidler, 2002) . One notable difference between white and brown eggs is that some white eggs have approximately 3% more yolk than brown eggs and consequently, have lower percent albumen (Anderson, 2013) . Other studies report no strain effect on yolk-to-albumen ratio, although solid content may vary with hen strain and age interactions (Ahn et al., 1997) . Because the majority of egg minerals are sequestered in the yolk (Giannenas et al., 2009 ), eggs with a higher yolk-to-albumen ratio may have slightly higher concentrations of minerals.
Few data are available regarding the impact of hen age upon the nutrient content of eggs. Hens held for commercial egg production in the United States are productive until 80 to 110 wk of age, depending on molt status (Yousaf and Chaudhry, 2008) . No information is available regarding the effect of hen age on egg mineral concentration. However, egg size and percent yolk solids may increase with increasing age, indicating that, under some circumstances, older birds may be expected to produce eggs with higher mineral content (Fletcher et al., 1981) .
The objective of this work was to determine the impacts of rearing conditions, age, and hen strain upon mineral content in whole eggs. This work takes advantage of the ongoing study evaluating major commercial layer lines used in the United States (Anderson, 2015) that is conducted concurrently with the North Carolina Layer Performance and Management Test (NCLP&MT). Eggs from TA Tetra White (TW, white egg layer) and Hy-Line Brown (HB, brown egg layer) hens held under differing conditions and at increasing ages were evaluated. TW and HB strains were selected to provide analysis for both white and brown eggs from strains commonly grown as commercial egg layers in North America. Our data indicate that differences in egg mineral content occur in response to rearing condition, hen age, and hen strain. These differences were quite small and are unlikely to impact human nutrition.
MATERIALS AND METHODS
Hens were reared from fertilized eggs and all chicks were hatched concurrently (within a 2-d time period). Upon hatching, HB (n = 436) and TW (n = 316) pullets were reared as described in the 39th NCLP&MT (Anderson, 2015) . During the growth phase (0 to 16 wk) all pullets were reared in the environment in which they would be held during the laying phase. Growing pullets were not separated by strain and were hand fed ad libitum the same commercial rearing diet, which met National Research Council (NRC) requirements for pullet feed (NRC, 1994) . Free-range pullets also had access to the range paddock. Vegetation species and nutrient analysis of vegetation and soil from the range paddock are described by Anderson (2011) .
At 17 wk, TW and HB hens were moved to the laying phase and stocked in one of 4 or 5 rearing environments: 1) conventional battery cages, 2) enrichable cage systems, 3) enriched colony housing, (4) cage-free (HB hens only), and 5) free-range rearing systems (Table 1) . With the exception of the cage-free environment, which only housed brown egg layers (HB), hens from both strains were stocked in the same house/range environments but were separated by strain. Hens were maintained from 17 to 88 wk in accordance with the NCLP&MT housing and phase feeding program (Anderson, 2015) . Hens were provided with the same layer diets (E, G or H, Table 2 ), regardless of strain or rearing condition. Diet provided was determined by rate of production, with E provided pre-peak and > 90% and G and H provided at 80 to 90%. Layer diets met or exceeded NRC requirements for layer feed (NRC, 1994) . Formulation and nutrient analysis of the diets are provided in Table 2 .
At 44, 68, and 88 wk, eggs from the previous 24 h of production were collected for all treatment groups within each strain. From 2 randomly selected replicates within each treatment group and strain, 6 eggs were broken into a stomacher bag and yolk and albumen were stomached for 60 s as described by Anderson et al. (2011) . Whole edible (yolk and albumen combined) egg samples were allocated into 50 mL conical tubes and frozen at 29
• C until analysis. Samples were shipped on dry ice to the U.S. Department of Agriculture (USDA), Agricultural Research Service, Grand Forks Human Nutrition Research Center (GFHNRC), Grand Forks, ND, for mineral analysis.
Sample Processing
2 mL aliquots of each homogenized egg sample were transferred to 3 mL polypropylene test tubes and freeze dried for circa 120 h in a FreeZone 4.5 Liter Plus Freeze Dry System (Labconco Corporation, Kansas City, MO).
Mineral Analysis
Samples were prepared for analysis by acid digestion. For each dried whole egg sample, 1 mL each of 99% HNO 3 and 30% H 2 O 2 was added to 0.36 ± 0.06 g (mean ± SD) of sample. Samples were digested at room temperature (20
• C) for 42 h. Samples were then transferred to a heating block (DigiPrep HP, SCP Science, Quebec, Canada) at 80
• C for further digestion and evaporation to a volume of 0.5 mL (11 to 19 h, varying among samples). Evaporated samples were diluted with 2% HNO 3 to a volume of 10 mL.
Concentrations of Cu, Ca, Fe, Mg, Mn, K, P, and Zn were determined using inductively coupled spectrometry-optical emission spectrometry (ICP-OES, iCAP 6000 series, ThermoFisher Scientific, Waltham, MA, Table 2 ). Calibration curves for the respective minerals were generated using multi-element standard solutions (SpecPure, Alfa Aesar, Word Hill MA; PlasmaCAL, SCP Science, Quebec, Canada; CPI International Peak Performance, CPI International, Santa Rosa, CA). Concentrations were measured at specific wavelengths for each mineral (Marioli Nobile et al., 2016; Ekoue et al., 2017) . Periodic re-calibration was performed to ensure accuracy of sample analysis. Three reagent blank solutions were prepared simultaneously with sample preparation. Measurements from blanks were used to adjust for any minerals present in the acid digest solution.
Mineral analysis data are reported per 100 g dried, whole, edible portion of egg (yolk and albumen combined). Whole egg samples (dried, yolk and albumen combined as opposed to yolk only) were evaluated to provide relevance to human nutrition and for comparison with the USDA National Nutrient Database for Standard Reference (SR28; 2016) for whole, dried, fresh eggs (NDB #0,1133).
Statistical Analysis
All statistical analysis was performed in SAS, version 9.4 (SAS Institute, Inc., Cary, NC) using the Generalized Linear Mixed Model (GLIMMIX) procedure, which is appropriate for fitting models with small samples sizes to non-normal data with correlations or non-constant variability (Littell et al., 2007) . For all analyses, differences were considered significant when P ≤ 0.05. Data are reported as the mean ± SD. When significant effects were found, Tukey-HSD or Dunnett's post-hoc testing was used for comparisons. Main effects and interaction effects were evaluated for hen rearing environment, strain, and age.
RESULTS

Rearing Environment
Mineral content of whole, dried eggs from the enrichable colony, enriched colony, and free-range rearing systems was compared to that of whole, dried eggs from hens in the conventional rearing system. Egg size (mass) did not vary with hen rearing environment (data not shown). Hens held in enriched colony systems produced eggs with lower concentrations of Mg (5.6 mg/100 g whole, dried egg, P = 0.016) and Mn (0.02 mg/100 g whole, dried egg, P = 0.005) than those of conventional hens (Table 3) . Concentrations of other minerals tested did not vary among eggs in response to hen rearing environment. For all rearing environments, mineral content of whole, dried eggs was within the general range of egg mineral content provided by SR28 (2016) for whole, dried egg (NDB #0,1133, Table 3 ).
Hen Strain and Age
Concentrations of both Ca and Cu were higher in whole, dried eggs from TW hens than from HB hens (Table 4) . Whole, dried eggs from HB hens had higher levels of Fe, Mg, and Mn than eggs of TW hens. Mn was greater in whole, dried eggs from young (44 wk) hens than in whole, dried eggs from 68-and 88-wk hens (Table 4) . Egg size (mass) did not vary with hen strain or age (data not shown). Interaction effect between hen age and rearing environment (TW and HB strains combined) on whole, dried egg (yolk and albumen combined) K concentration. Values are the mean ± SD. n = 4 pooled samples for each data point. Character superscripts indicate K concentrations of whole, dried eggs are significantly different (P ≤ 0.05) than whole, dried eggs from hens of the same age held in the conventional rearing system. Alphabetical superscripts indicate K concentrations of whole, dried eggs are significantly different (P ≤ 0.05) than whole, dried eggs from hens in the same rearing system at different ages. Cage-free, CF; Enrichable colony, EC; Enriched colony system, ECS; Conventional, C; Free-range, R.
Interaction Effects
Interaction effects between rearing environment and hen age were observed for egg K and Mn concentrations. Whole, dried eggs from 68-wk hens in conventional rearing systems had 14 to 18% greater K than whole, dried eggs from hens in 68-wk enrichable colony, enriched colony, or free-range rearing systems (P ≤ 0.01, Figure 1 ). In addition, whole, dried eggs from 68-wk hens in conventional rearing systems had 21% more K than eggs from 44-wk hens reared in conventional systems (P = 0.0003) and 14% more K than 88-wk hens reared in conventional systems (P = 0.01). The observed differences for 68-wk hens in conventional cages were not artifacts of sample analysis as all samples were randomized prior to analysis. Likewise, statistical analysis did not show outliers among these eggs. Whole, dried egg K concentration did not vary among 44-or 88-wk hens regardless of rearing system. At 44 wk, whole, dried eggs from hens held in freerange rearing systems had 15% more Mn than whole, dried eggs from hens from conventional rearing systems (P = 0.04, Figure 2) . Whole, dried egg Mn concentration did not vary among 68-wk hens regardless of rearing system. Among hens at 88 wk of age, those held in conventional rearing systems produced eggs with higher Mn concentration than hens held in enrichable colony or enriched colony (22 and 23%, respectively) but not free-range systems. Whole, dried eggs from hens in both the enrichable colony and free-range systems had higher Mn concentration at 44 wk than eggs from the same rearing system at 68 or 88 wk (P ≤ 0.01).
Interactions between rearing environment, hen strain, and hen age were observed for egg Zn concentration (Figure 3 ). Differences were evident among in whole, dried eggs from 44-and 68-wk hens and were not detectable among whole, dried eggs from 88-wk hens. Both HB and TW hens in the enrichable colony system had higher (30 and 25%, respectively) whole, dried egg zinc concentrations at 44 wk than free-range HB hens (P < 0.01). This effect was no longer evident at 68 wk. HB hens held in conventional cages produced eggs with 22% more Zn than free-range HB hens (P = 0.03) at 68 wk. No other variation in Zn concentration was observed among whole, dried eggs at 68 wk. Whole, dried egg Zn concentration did not vary among 88-wk hens regardless of rearing system or hen strain.
DISCUSSION
Although variation in egg nutrient content is of interest to consumers (Anderson, 2011; Bejaei et al., 2011; Pollock et al., 2012) and poultry researchers (Surai and Sparks, 2001; Sparks, 2006; Anderson, 2011) , there is a lack of comprehensive information regarding the manipulation of egg mineral concentration, especially in response to non-dietary factors (Giannenas et al., 2009) . Two recent studies determined that the concentration of minerals in eggs is responsive to rearing environment (Giannenas et al., 2009; Küçükyılmaz et al., 2012) , but the influences of hen strain and hen age on egg mineral content has not been evaluated. In our study, we evaluated the impact of hen strain, hen age, and rearing Interaction effect between hen age and rearing environment on whole, dried egg (yolk and albumen combined) Mn content. Values are the mean ± SD. n = 4 pooled samples for each data point. Character superscripts indicate Mn concentrations of whole, dried eggs are significantly different (P≤ 0.05) than whole, dried eggs from hens of the same age (44 or 88 wk) held in the conventional rearing system. Alphabetical superscripts indicate K concentrations of whole, dried eggs are significantly different (P ≤ 0.05) than whole, dried eggs from hens in the same rearing system at different ages (44, 68, and 88 wk). Cage-free, CF; Enrichable colony, EC; Enriched colony system, ECS; Conventional, C; Free-range, R. Figure 3 . Effect of interaction between rearing environment, hen strain, and hen age on whole, dried egg (yolk and albumen combined) Zn concentration. Values are the mean ± SD. n = 2 pooled samples per data point. Within each age group (44, 68, or 88) , whole, dried eggs from rearing systems with alphabetical superscripts are significantly different (P ≤ 0.05) than whole, dried eggs from hens of the same age with different superscripts. Conventional, C; Enrichable colony, EC; Enriched colony system, ECS; Free-range, R; Cage-free, CF; Hy-Line Brown, HB; TA Tetra White, TW. environment upon mineral content within whole, dried eggs. Although most egg minerals are sequestered in the yolk (Giannenas et al., 2009) , we examined whole eggs to provide information relevant to human nutrition. Our data demonstrate that, in the absence of dietary influence, housing system, hen strain, and hen age affect mineral deposition into the egg.
In our study, Mg and Mn concentrations were lower in eggs from the enriched colony system. Differences occurred despite the lack of variation in egg size and lack of dietary variation among rearing systems (with exception of the free-range hens, which had access to grasses and soil). In the absence of dietary influence, investigators speculate that variation in egg nutrients among rearing environments occurs in response to lowered psychological stress and frustration (Hidalgo et al., 2008; Giannenas et al., 2009) or increased physiological and immunological stress (Küçükyılmaz et al., 2012) . However, neither of these studies nor our current study evaluated markers of hen stress. Additional studies will be required to determine whether hen stress in response to rearing environment is correlated with variation in egg mineral content.
In the absence of dietary differences, variation in (non-mineral) egg nutrients with hen age or hen strain is sometimes attributed to differences in egg size, which affects yolk-to-albumen ratio (Anderson, 2013) . Egg sizes did not vary with rearing environment, hen age, or hen strain. However, eggs samples were pooled and homogenized upon collection and yolk-to-albumen ratio was not evaluated. Regardless, differences in the physical characteristics of eggs do not provide a reasonable explanation for observed variation in egg mineral concentrations of Ca, Cu, Fe, Mg, and Mn in the current study. Minerals that typically occur at high concentration in yolk (such as Mn) were not always detected at higher concentrations in eggs from TW hens, which would be predicted to have high yolk-to-albumen ratio. Therefore, we cannot identify factors that contributed to variation.
The causes of interaction effects in the current study are unclear and no other studies have examined differences in egg mineral concentration as a result of interactions between rearing system and hen age. Both Mn (Caskey et al., 1944) and K (Gillis, 1948) are important in bone development for growing chicks and for hens. Mineral deposition into the leg bones of hens confined to conventional cage systems is sometimes lower than that of cage-free or free-range hens due to reduced physical activity (Newman and Leeson, 1997) . This effect may allow hens to allocate higher concentrations of minerals to egg production (Küçükyılmaz et al., 2012) . Mineral content of leg bones was not evaluated in the current study. However, K and Mn concentrations of eggs from hens in conventional rearing systems were not consistently higher than those of eggs from hens in alternate systems and suggest that difference in K and Mn egg content are unlikely to be related to bone formation in the current study. Further evaluation will be necessary to determine the effect of hen rearing system at different life stages on egg mineral concentration.
Among minerals examined, only egg Zn concentration was affected by interaction effects between rearing environment, hen strain and hen age. Zn serves an important role in hen nutrition and is a critical component of several metalloenzymes involved in hen immunity (Küçükyılmaz et al., 2012) . Zn deficiency results in decreased feed intake and decreased feed efficiency in hens and chicks (Sahin et al., 2009) . Zn is also important for proper growth and healthy feather, bone, and joint development among chicks (Young et al., 1958; Zeigler et al., 1961) . Egg Zn concentration in the current study differed the most by treatment when hens were 44 and 68 wk old. Although differences were evident, relationships between egg Zn concentration and strain and rearing environment did not appear to follow any predictable pattern at 44 or 68 wk. These data indicate that egg Zn concentration can be influenced through alterations in rearing environment among hen strains at different life stages. However, further studies will be required to evaluate methods for manipulating egg concentration of this important mineral.
Potential Impact on Human Nutrition
Worldwide, eggs are the most commonly eaten food of animal origin (Stadelman et al., 1995) and in the United States, per capita consumption of eggs is about 0.8 eggs per person each day. Eggs are an important source of several minerals including Cu, Fe, P, and Zn (Sugino et al., 1996; Surai and Sparks, 2001) .
For the white and brown eggs examined in our study, consumption of one 50 g egg per d from hens reared in an enriched colony system instead of conventional cages would result in a 2.8 mg increase in Mg intake per d and a 0.02 mg increase per d in Mn intake. Daily Ca and Cu intake would increase by 8.5 and 0.01 mg per d, respectively among individuals consuming one 50 g white egg per d as compared to a brown egg, regardless of hen rearing system. However, daily Fe, Mg, and Mn intake would decrease by 0.4, 1.8, and 0.01 mg, respectively among consumers choosing white eggs, regardless of rearing system. As consumers are not able to purchase eggs based on hen age, differences in mineral content of eggs with variation in hen age or with interaction effects between age and other factors are not relevant to consumer choices at this time.
Despite statistical significance, differences in egg mineral content in our study were of such a small magnitude, that they are unlikely to be highly relevant to human nutrition. Among individuals consuming one 50 g egg per d, the increase in consumption of macro minerals (Ca and Mg) would account for approximately 1% of the dietary reference intake (DRI) for adults, as provided by the Institute of Medicine (IOM, 2011) . Increase in micro mineral consumption would be similar. The increase in copper intake by individuals consuming one 50 g white egg daily instead of brown would account for approximately 1% of the DRI for adults. However, the accompanying decrease in Fe intake with white egg intake is equivalent to 4 to 5% of the DRI for Fe in adult males and 2 to 4% of the DRI for Fe in adult females.
As consumer demand guides the U.S. egg industry away from conventional battery cages towards alternate rearing systems, concerns have been raised regarding differences in egg nutrient concentrations. While differences in mineral content were observed as a result of rearing condition, strain, and age, these differences will not substantially impact daily mineral intake. Additional studies are required to determine the way in which hen rearing condition, age and strain affects the content of other nutrients in eggs.
